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Abstract. We report on small-angle x-ray scattering (SAXS) measurements of amorphous Fe80B20, Fe85B15, 
Fe81B13.5Si3.5C2, and Fe40Ni40B20 metallic alloys irradiated with 11.1 MeV/u 
132Xe, 152Sm, 197Au, and 8.2 
MeV/u 238U ions. SAXS experiments are nondestructive and give evidence for ion track formation including 
quantitative information about the size of the track radius. The measurements also indicate a cylindrical track 
structure with a sharp transition to the undamaged surrounding matrix material. Results are compared with 
calculations using an inelastic thermal spike model to deduce the critical energy loss for the track formation 
threshold. The damage recovery of ion tracks produced in Fe80B20 by 11.1 MeV/u 
197Au ions was studied by 
means of isochronal annealing yielding an activation energy of H9  
1 Introduction  
Amorphous metals, also called metallic glasses, are 
metallic alloys with a GLVRUGHUHG QRQ-FU\VWDOOLQH DWRPLF
VWUXFWXUH7KHDPRUSKRXVVWUXFWXUHLVTXHQFKHGIURPWKH
OLTXLGVWDWHE\UDSLGFRROLQJZLWKUDWHVRI

WR

.V
,QUHFHQW\HDUVWKHVHKLJKO\SURFHVVDEOHPHWDOOLFJODVVHV
KDYHDWWUDFWHGD VLJQLILFDQWGHJUHHRIERWK VFLHQWLILFDQG
WHFKQRORJLFDO LQWHUHVW GXH WR WKHLU LQWHUHVWLQJ SK\VLFDO
SURSHUWLHV VXFK DV KLJK PHFKDQLFDO VWUHQJWK JUHDW ZHDU
DQG FRUURVLRQ UHVLVWDQFH DQG KLJK HODVWLFLW\ > @ 7KH
PHDQV RI WDLORULQJ WKH VWUXFWXUDOO\ JRYHUQHG DPRUSKRXV
PHWDO SURSHUWLHV KDYH WKH SRWHQWLDO WR EHQHILW DGYDQFHG
WHFKQRORJLFDODSSOLFDWLRQV 
7KLVUHVHDUFKSURMHFWSUHVHQWVUHFHQWUHVXOWVRQLUUDGLDWLRQ
HIIHFWVZKHQH[SRVLQJDPRUSKRXVPHWDOVWRHQHUJHWLFLRQ
EHDPV:KHQ SDVVLQJ WKURXJK PDWWHU LRQV ZLWK NLQHWLF
HQHUJ\ RI VRPH 0H9 SHU QXFOHRQ 0H9X ORVH WKHLU
HQHUJ\ SUHGRPLQDQWO\ YLD HOHFWURQLF H[FLWDWLRQ DQG
LRQL]DWLRQSURFHVVHV(QHUJ\ WUDQVIHU IURP WKHHOHFWURQLF
V\VWHPWRWKHDWRPVGXHWRHOHFWURQ-SKRQRQFRXSOLQJPD\
ILQDOO\PHOW WKHPDWHULDODORQJ WKH LRQSDWK7KLVPROWHQ
]RQHUDSLGO\FRROVGRZQOHDGLQJWRWKHIRUPDWLRQRIORQJ
FROXPQDUGHIHFWVDORQJWKHLRQWUDMHFWRULHVVRFDOOHGLRQ
WUDFNV 
The first evidence of ion tracks in metallic glasses was 
LQIHUUHG IURP WKH REVHUYDWLRQ RI WKH VR FDOOHG ³LRQ
_____________________________________________ 
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KDPPHULQJ´HIIHFWoccurring at high fluences [3]. Under 
the bombardment of swift heavy ions, amorphous 
materials undergo a macroscopic shape change. The 
sample grows in dimensions perpendicular to the ion 
beam and shrinks in parallel direction. Microscopic 
observation of single tracks and analysis of the damage 
morphology in amorphous materials is challenging due to 
the lack of sufficient contrast required for most 
microscopy techniques. Despite this limitation, tracks in 
metallic glasses were reported using transmission 
electron microscopy (TEM), including a study of the 
crystallisation of the material, by means of electron beam 
annealing [4]. 
Measurements of ion tracks in amorphous metals were 
also performed traditionally using the technique of 
chemical track etching [5], which preferentially dissolves 
the radiation-damaged track volume at a higher rate than 
the undamaged bulk material [6]. This destructive process 
enlarges the nm-sized tracks, erasing the initial damage 
structure. In addition to track etching, electrical resistivity 
measurements of irradiated samples were performed. The 
data allows one to deduce the mean track size from the 
damage cross section [7], but does not provide any 
information on the track morphology. To obtain more 
detailed information about the structure and amorphous 
state of ion tracks in metallic glasses we thus applied 
small angle x-ray scattering (SAXS). As demonstrated 
earlier for a variety of other materials, this nondestructive 
technique is capable of measuring structural details of ion 
tracks [8-13] and allows retrieving track radii in 
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amorphous solids with unprecedented precision [10, 11]
2XU LQYHVWLJDWLRQV DOVR LQFOXGH WKH HYROXWLRQ RI WUDFN
UHFRYHU\ XSRQ DQQHDOLQJ XVLQJ VLPXOWDQHRXV 6$;6 DQG
ZLGH DQJOH [-UD\ VFDWWHULQJ :$;6 FRPELQHG ZLWK H[
VLWXDQQHDOLQJ 
2 Experimental  
5LEERQV RI Fe80B20, Fe85B15, Fe81B13.5Si3.5C2, and 
Fe40Ni40B20 DPRUSKRXV DOOR\V ZHUH LUUDGLDWHG DW URRP
WHPSHUDWXUH XQGHU QRUPDO LQFLGHQFH ZLWK 11.1 
MeV/nucleon (MeV/u) 132Xe, 152Sm, 197Au and 8.2 
MeV/u 238U ions to fluences between 1×1010 and 1×1012 
ions/cm2DW WKH81,/$&DFFHOHUDWRUDW*6,LQ*HUPDQ\
0DVVGHQVLWLHV DQG WKLFNQHVVHVRI WKH VDPSOHV DUH OLVWHG
LQ7DEOH 
Table 1. Nominal compositions (in atomic %), mass densities 
and thicknesses of the reported amorphous metals. 
Material 
Mass density 
[g/cm3] 
Thickness 
[µm] 
Fe80B20 7.40  29 ± 1 
Fe85B15 7.50 15 ± 1 
Fe81B13.5Si3.5C2 7.32 29 ± 1 
Fe40Ni40B20 7.74 26 ± 1 
 
 
Fig. 1. (Colour online) SAXS images for Fe80B20 irradiated with 
11.1 MeV/u Au ions at 1×1011 ions/cm2 with tracks aligned at 
0° (a) and 10° (b) with respect to the x-ray beam. 
The track structure was studied using synchrotron SAXS 
in transmission mode, performed at the SAXS/WAXS 
beamline at the Australian Synchrotron. The x-ray 
wavelength was 1.0332 Å (12 keV) and the distance 
between the sample and the CCD detector varied between 
~1000 and 1600 mm. The samples were mounted on a 
three-axis goniometer, allowing the precise alignment of 
the ion tracks with respect to the x-ray beam. 
Unirradiated samples were used as standards for 
background subtraction. Measurements as a function of 
angle between the x-ray beam and the sample surface (i.e. 
the ion tracks) show a high anisotropy of the scattering 
pattern (see figure 1) indicating aligned structures of high 
aspect ratio and giving clear evidence of the existence of 
ion tracks. 7KLVLVDOVRFRQVLVWHQWZLWKDFRQWLQXRXVWUDFN
PRUSKRORJ\ DQG QHDUO\ FRQVWDQW HQHUJ\ ORVV WKURXJKRXW
WKHVDPSOH 
7R VWXG\ WKH DQQHDOLQJ NLQHWLFV RI WKH LRQ WUDFNV ZH
SHUIRUPHGLVRFKURQDOH[VLWXDQQHDOLQJH[SHULPHQWV7KH
6$;6 VLJQDO RI DQ XQLUUDGLDWHG )H% VDPSOH DQG D
VDPSOH LUUDGLDWHG with 11.1 MeV/u 197Au ions of 1×1011 
ions/cm2ZDVFRPSDUHGDVDIXQFWLRQRIWHPSHUDWXUH7KH
DQQHDOLQJRIERWKVDPSOHVZDVSHUIRUPHGVLPXOWDQHRXVO\
DW DPELHQW SUHVVXUH IRU PLQ DW WHPSHUDWXUHV EHWZHHQ
 DQG & 6$;6 GDWD ZHUH UHFRUGHG EHWZHHQ WKH
GLIIHUHQWDQQHDOLQJVWHSV 
3 Results and Discussion 
3.1 Ion track morphology 
7KH 6$;6PHDVXUHPHQWV SURYLGH FOHDU HYLGHQFH RI WKH
H[LVWHQFHRILRQWUDFNVLQDOODOOR\VWHVWHGFigure 2 shows 
the experimental scattering intensities originating from an 
unirradiated sample and from tracks in Fe85B15 produced 
with different ion beams. The SAXS intensities of all 
tracks exhibit an oscillatory behaviour indicating 
monodisperse scattering objects with a rather abrupt 
density change at the track-matrix interface.7KH 6$;6
LQWHQVLWLHV FDQ EH ZHOO PRGHOHG ZLWK F\OLQGULFDO WUDFN
JHRPHWU\ DQG DVVXPLQJ FRQVWDQW GHQVLW\ LQ WKH WUDFN
GLIIHUHQW IURPWKDWRI WKHPDWUL[PDWHULDO7KHVFDWWHULQJ
LQWHQVLW\FDQEHH[SUHVVHGDV,Ta_IT_

ZKHUHZKHUHT
LVWKHVFDWWHULQJYHFWRUDQGIWKHIRUPIDFWRUIRUDF\OLQGHU
RIFRQVWDQWUDGLDOGHQVLW\ 
B:M; L tè.4é4 ,5:4M; M¤           (1) 
/ LV WKH WUDFN OHQJWK5 WKH WUDFN UDGLXV U WKH GHQVLW\
GLIIHUHQFHEHWZHHQWKHWUDFNDQGWKHPDWUL[PDWHULDODQG
- LV WKH %HVVHO IXQFWLRQ RI ILUVW RUGHU To account for 
deviations from perfectly identical parallel tracks, a 
narrow Gaussian distribution of the track radii was 
implemented [10]. The width and position of the 
oscillations provide the value of the radius R and its 
polydispersity for the given model, also taking into 
account the uncertainties of the experimental data in the 
full q range which are reflected in the uncertainty of the 
obtained SDUDPHWHUV7KHVROLGOLQHVLQILJXUHVKRZWKH
ILWVWRWKHPRGHO 
  7KH WUDFN UDGLL H[WUDFWHG IURP 6$;6 GDWD IRU Fe85B15, 
Fe80B20, Fe81B13.5Si3.5C2 and Fe40Ni40B20 DPRUSKRXV
DOOR\V DQG IRU H[LVWLQJ GDWD RQ Fe85B15 from in situ 
resistivity measurements [7] are shown in figure 3 as a 
function of the energy loss averaged along the projectile 
path in the given materials by using the65,0-FRGH
>@ 7KH HUURU EDUV LQ ILJXUH  UHSUHVHQW WKH GHSWK
YDULDWLRQ RI WKH WUDFN UDGLL DVVRFLDWHG ZLWK WKH UDGLXV
SRO\GLVSHUVLW\ ,W LV LPSRUWDQW WRQRWH WKDW WKHGDWD IURP
UHIHUHQFH>7@FRUUHVSRQGWRLUUDGLDWLRQSHUIRUPHGDWa.
ZKLOH RXU LUUDGLDWLRQ H[SHULPHQWV ZHUH SHUIRUPHG DW
URRP WHPSHUDWXUH 6PDOOHU WUDFN UDGLL DUH H[SHFWHG DW
ORZHULUUDGLDWLRQWHPSHUDWXUHV>@ 
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)LJ&RORXURQOLQHSAXS intensities (symbols) as a function 
of scattering vector q for Fe85B15 unirradiated and irradiated 
with 11.1 MeV/u Xe, Sm, Au, 8.2 MeV/u U ions and cylinder 
model fits (lines). Scattering intensities for Sm, Au, and U 
projectiles correspond to 1×10
11 
ions/cm2 and 3×10
11 
ions/cm2 
for Xe.  
 
 
Fig. 3SAXS track radii (solid symbols) and data deduced from 
resistivity measurements [7] (open symbols) and i-TS fits 
(lines) as a function of energy loss.  
7KH JRRG DJUHHPHQW RI WKH 6$;6 GDWD ZLWK D VKDUS
GHQVLW\FKDQJHDWWKHWUDFNERXQGDU\LVFRQVLVWHQWZLWKD
PROWHQ WUDFN WKDW KDV UDSLGO\EHHQTXHQFKHG0HOWLQJ LV
WKHFULWHULDDVVXPHGE\WKHLQHODVWLFWKHUPDOVSLNHPRGHO
L-76>@WKDWKDVEHHQXVHGWRVXFFHVVIXOO\GHVFULEH
WUDFNIRUPDWLRQ LQ WKHHOHFWURQLFHQHUJ\ ORVVUHJLPH LQD
YDULHW\ RI PDWHULDOV LQFOXGLQJ PHWDOV >@ DPRUSKRXV
PHWDOOLF DOOR\V >@ VHPLFRQGXFWRUV >@ DQG LQVXODWRUV
>@ The i-TS calculations include a superheating 
scenario during the track formation [9, 20]. The track 
radii are associated with the cylinder in which the energy 
deposited on the atoms surpasses the energy Em necessary 
to melt the target material along the ion path. Therefore 
Em corresponds to the sum of the energy to reach the 
melting temperature plus the latent heat of fusion. We 
used this approach to model tracks in amorphous metallic 
alloys, assuming a constant electron-phonon coupling of 
5×1012 WcmíKí, deduced by fitting the i-TS model to 
the track radii measured by SAXS for Fe85B15. The 
energies Em necessary to melt the different alloys are 
deduced from the model calculation fits to the SAXS data 
(see figure 3). The values for Em and track formation 
threshold obtained from these calculations are presented 
in Table 2. From the calculation of the track size versus 
electronic energy loss, a threshold of 14 ± 2 keV/nm was 
extracted in good agreement with the value reported in 
reference [7]. 
Table 2. Energy required for track melting Em and track 
formation threshold Se deduced from i-TS fits. 
Material Em [eV/at] Se [keV/nm] 
Fe80B20 0.58 ± 0.08 13 ± 2 
Fe85B15 0.60 ± 0.08 14 ± 2 
Fe81B13.5Si3.5C2 0.52 ± 0.06 10 ± 2 
Fe40Ni40B20 0.51 ± 0.06 10 ± 2 
 
 
)LJ  7rack radii deduced from the SAXS data versus 
annealing temperature for ion tracks in )H%JHQHUDWHGwith 
11.1 MeV/u 197Au ions of 1×1011 ions/cm2. The OLQHLVVKRZQWR
JXLGHWKHH\H. 
3.2 Ion track recovery upon annealing 
$QQHDOLQJ RI LUUDGLDWHG VDPSOHV OHDGV WR D JUDGXDO
GHFUHDVHRI WKH WUDFN UDGLL GXH WR UHOD[DWLRQ DW WKH WUDFN
ERXQGDULHV )LJXUH  VKRZV 6$;6 WUDFN UDGLL DV D
IXQFWLRQ RI DQQHDOLQJ WHPSHUDWXUH REWDLQHG IRU )H%
LUUDGLDWHGZLWK0H9X$XLRQVRIî

LRQVFP

 
7KH DFWLYDWLRQ HQHUJ\ IRU WUDFN UHFRYHU\ ZDV HVWLPDWHG
IURP DQ$UUKHQLXV SORW \LHOGLQJ DQ DFWLYDWLRQ HQHUJ\ RI
H9ILJXUH:$;6PHDVXUHPHQWVFRQILUPHG
WKDWDOOVDPSOHVUHWDLQHG WKHLUDPRUSKRXVVWUXFWXUHXS WR
&$IWHU WKHRQVHW RI UHFU\VWDOOL]DWLRQ DW & QR
FOHDU6$;6VLJQDOIURPWKHLRQWUDFNVFRXOGEHGHWHFWHG 
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Fig. 5. $UUKHQLXV SORW RI 6$;6 WUDFN UDGLL LQ )H% 5
FRUUHVSRQGVWRWKHWUDFNUDGLXVDWURRPWHPSHUDWXUH)URPWKH
VORSHDQDFWLYDWLRQHQHUJ\RIH9IRUWUDFNUHFRYHU\LV
GHGXFHG 
4 Conclusions  
6\QFKURWURQ 6$;6 PHDVXUHPHQWV SURYLGH HYLGHQFH IRU
WKH IRUPDWLRQ RI LRQ WUDFNV LQ DPRUSKRXV )H%
)H% )H%6L& DQG )H1L% ULEERQV
'HSHQGLQJ RQ WKH LRQ VSHFLHV HQHUJ\ ORVV WKH WUDFNV
KDYH D GLDPHWHU EHWZHHQ  DQG  QP ,RQ WUDFNV LQ
JODVV\ PHWDOV FDQ EH ZHOO GHVFULEHG E\ F\OLQGHUV RI
FRQVWDQW GHQVLW\ ZLWK DEUXSW ERXQGDULHV EHWZHHQ WUDFN
DQG PDWUL[ PDWHULDO$FFRUGLQJ WR FDOFXODWLRQV ZLWK WKH
LQHODVWLF WKHUPDO VSLNH PRGHO WKH FRPSRVLWLRQ RI WKH
GLIIHUHQW )H-% EDVHG DOOR\V KDV RQO\ D PLQRU LQIOXHQFH
RQ WKH WUDFNVL]HDQGFULWLFDOHQHUJ\GHQVLW\UHTXLUHG IRU
WUDFNIRUPDWLRQ 
7KHUPDO DQQHDOLQJ RI WUDFNV LQ )H% JHQHUDWHG ZLWK
 0H9X $X LRQV LV FKDUDFWHUL]HG E\ DQ DFWLYDWLRQ
HQHUJ\ RI    H9 7KH W\SLFDO 6$;6 SDWWHUQ RI
WUDFNV YDQLVKHV DW D WHPSHUDWXUH FORVH WR WKH RQVHW RI
UHFU\VWDOOL]DWLRQ 
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